Abstract: This paper investigates the maximum lifetime data gathering problem theoretically. Specifically, (1) the simplified static routing scheme where only one routing tree is used to gather data during the lifetime of network is analyzed, (2) the actual dynamic routing scheme where a series of routing trees are used to gather data is analyzed, (3) a near optimal maximum lifetime data gathering and aggregation algorithm MLDGA is proposed, which tries to minimize the total energy consumption in each round and maximize the lifetime of a routing tree used in the round, (4) the MLDGA algorithm is simulated in Java programming language. Comparing with the existing algorithms that are only efficient in some specified conditions, the simulation results show that MLDGA performs well regardless of base station location and initial battery energy levels of sensors.
Introduction
A wireless sensor network is a special kind of ad-hoc network that consists of a large number of small, inexpensive, battery-powered sensors. The sensors can be densely deployed to monitor the environment and collect useful information on their surroundings. During the lifetime of network, the collected information is periodically gathered and transmitted to a base station for further processing. Sensor networks can be used in a wide range of applications from military to civil [1−3] .
One of the main constraints on sensor networks is the limited battery energy of sensors. To keep the size of sensors small, a sensor can only be equipped with battery that stores at most 1 Joule of energy [4] , and the battery is irreplaceable. For this reason, energy conservation should be the primary concern in data gathering problem. Its aim is to prolong the network lifetime to gather more data. Chang and Tassiulas [5, 6] proposed routing algorithms to maximize system lifetime by treating the data transmission process as a maximum flow problem which meets the flow conservation principle. In another work, Bhardwaj et al. [7] derived upper bounds on the lifetime of a sensor network that collects data from a specified region.
Data aggregation has now emerged as a particularly useful paradigm for wireless routing in sensor networks to reduce the energy consumption [8, 9] . The idea is to combine the data from different sensors enroute to eliminate redundant transmission. This paradigm greatly reduces the amount of data transmitted and thus saves energy. It shifts the focus from address-centric approaches (finding routes between pairs of end-nodes) to data-centric approaches (finding routes from multiple sources to a destination that allows in-network consolidation of redundant data) [10, 11] . Several protocols, such as LEACH [12] and PEGASIS [13] , used the data-centric approaches to minimize the energy consumed by sensors and increase the network lifetime accordingly. Further, Lindsey et al proposed PEDAP-PA [14] , a tree based routing algorithm, which tries to improve the network lifetime. It achieves a good performance comparing with LEACH and PEGASIS in terms of lifetime. However, most of these works lack formal theoretical analysis and their algorithms are not well optimized.
In this paper, we investigate the maximum lifetime data gathering and aggregation problem theoretically. Tree structure is used as the basic routing scheme for our analysis since it is the minimal graph structure supporting the network connectivity. We analyze the static routing scheme first, where only one tree is used to gather data during the lifetime of network. Then we go into the dynamic routing scheme, where a series of trees are used to gather data. Based on the results of our analysis, we propose a new near optimal maximum lifetime data gathering and aggregation algorithm MLDGA. MLDGA tries to construct a maximum lifetime routing tree for each data gathering round while the tree is energy-efficient. The experimental results show that MLDGA succeeds in achieving longer lifetime and better network utility than several other existing algorithms in various conditions.
The rest of the paper is organized as follows. Section 2 reviews some related works. Section 3 presents the maximum lifetime data gathering problem. Section 4 gives some basic definitions used in this paper. Section 5 investigates the problem with two different routing schemes: the static one and the dynamic one. A near optimal algorithm MLDGA is also proposed. In Section 6, we conduct experiments to compare our algorithm with other known algorithms. We conclude our work in Section 7.
Related Work
Several efficient data gathering routing algorithms have been proposed in recent years. We can divide them into three categories approximately: cluster-based routing, chain-based routing, and tree-based routing.
LEACH is a cluster-based distributed routing protocol [12] . In LEACH, each node elects itself as cluster-heads with some probability. The remaining nodes join a cluster that requires minimum communication energy. In the data gathering process, each cluster-head collects data from sensors in its cluster, fuses the data, and then sends the result to the base station. LEACH utilizes the randomized rotation of cluster-heads to evenly distribute the energy load among sensors in the network. Simulation results show that LEACH achieves as much as a factor of 8 reduction in energy dissipation comparing with direct transmission [12] . As an improved version to LEACH, LEACH-C [15] uses a centralized clustering algorithm to produce better clusters, thus achieves better performance.
In PEGASIS [13] , sensors are formed by chain. Each sensor communicates only with a close neighbor, and takes turns transmitting to the base station to prevent the failure of network. Only one node is designated to communicate with the base station, consequently the energy dissipation is significantly reduced. PEGASIS achieves better lifetime than LEACH about 100 to 200% [13] .
Tan et al. proposed two tree based protocols PEDAP and PEDAP-PA [14] . They tried to compute a minimum spanning tree over the sensor network. In PEDAP, the weights of tree edges are the transmission cost between two connected sensors. In PEDAP-PA, the weight of tree edges is the ratio of the transmission cost between two connected nodes to the remaining energy of the sending node. The basic idea is to minimize the total energy expended in a round of communication while balance the energy consumption among sensors. PEDAP prolongs the lifetime of the last node death while PEDAP-PA provides a good lifetime for the first node death. Simulation results
show that these two algorithms perform better than LEACH and PEGASIS both in systems that the base station is far away from and inside the field [14] .
Problem Statement
We consider a wireless sensor network consisting of a group of sensors and a base station that are randomly distributed over a region. The locations of sensors and the base station are fixed. The base station knows the locations of all sensors apriori, which can be obtained by manually entering coordinates or by using GPS-equipped sensors. A sensor can transmit data to any other sensor, and can communicate directly with the base station. The sensors periodically monitor their vicinity and generate monitoring data. The data from sensors are gathered at each time unit and sent to the base station for further processing. The time unit is called round. We assume that each sensor has limited battery energy and the action of transmitting or receiving data will consume its battery energy.
Our problem is to find a routing scheme to deliver data from all sensors to the base station, which can maximize the lifetime of the sensor network. In the process, data aggregation can be used to reduce the number of messages in the network.
Two points should be pointed out here:
First, the energy model used in our work is based on the first order radio model [12] . In this model, the radio dissipates E elec =50nJ/bit to run the transmitter or receiver circuitry, and E amp =100pJ/bit/m 2 for the transmit amplifier. Therefore, the energy expended to transit a k-bit message to a distance d is
While the energy expended to receive this message is
which is a constant for a fixed-size message.
Secondly, we treat the time when the first node dies as the lifetime of the network. Tan et al. [14] mentioned two different definitions for lifetime: In applications that the cooperation of all sensors working together is important, lifetime is defined as the time when the first node is drained of its energy; In applications that adjacent sensors record identical data, lifetime is defined as the time when a specified percentage of the sensors die. In this paper, we focus on the applications that need the cooperation of all sensors, and we adopt the first type of definition. Put it another way, we try to maximize the time when the first node dies.
Definition
Before diving into the maximum lifetime data gathering problem, we give some fundamental definitions and notations used throughout this paper.
We view a sensor network as a directed graph G (N, A) , where N is a set of all sensors and the base station in network. Each sensor is labeled with a node ID∈{1,2,…,|N|}, the base station is labeled with ID 0; A is a set of directed edges connecting two sensors, i.e. A={(i, j)}.
We denote the weight of edge (i, j)∈A as w ij (w ij ≠w ji ).
Definition 1. For a sensor network G(N, A), T=(N, A′)
is a rooted directed spanning tree of G, where A′ is a subset of A(i.e. A′⊂A) and T is rooted at the base station (i.e. root[T] = 0). We call T a routing tree for network G.
The tree structure can be used as a basic routing scheme for data gathering in sensor networks. A spanning tree is the minimal graph structure supporting the network connectivity. For each sensor i, we can find a directed path from i to the base station by using the tree structure, and the path does not contain a cycle. Therefore, we base our discussion on the tree structure in the following paper. LEACH (a cluster-based routing scheme) and PEGASIS (a chain-based routing scheme) described in section 2 can also be viewed as a special case of the tree structure based routing scheme.
Definition 2.
For a sensor network G, if the underlying routing structure does not change over time and only one routing tree T is used to gather data during the lifetime of network, we say that G employs static routing scheme. If the underlying routing structure of G changes over time and a series of routing trees are used to gather data, we say that G employs dynamic routing scheme. The series of routing trees is denoted as {T(t)}, which means that T(t) is used as the routing tree at round t. Here, we also introduce some notations used in the following paper. For a sensor i in routing tree T, the transmit power of i is denoted as , the number of sensors sending data to i is denoted as n
. The tree with minimum total energy consumption is denoted as T 0 ,
The residual battery energy level of a sensor i at round t is denoted as . If a network G employs dynamic routing scheme, the residual battery energy level of a sensor i after t rounds is
We define the lifetime of a sensor i as the duration of the time when i is alive, and denote it as l i . If a network G employs static routing scheme and the routing tree for G is T, the lifetime of a sensor i in T is
. It is evident that the lifetime of a sensor i is related to the sensor which i sends data to and the number of sensors which send data to i. Definition 4. We define the lifetime of an edge (i, j) in tree T as the duration of the time when i and j are alive, and denote it as l ij . For an edge (i, j) in tree T, we have l ij =min{l i ,l j }. If a network G employs static routing scheme and the routing tree for G is T, the lifetime of G is
, where is the edge set induced by T. It means that the sensor that has minimum lifetime, which in turn depends on the edge that has minimum lifetime, determines the lifetime of G.
) (T A′

Maximum Lifetime Data Gathering: Static Scheme and Dynamic Scheme
In this section, we investigate the maximum lifetime data gathering and aggregation problem in sensor networks theoretically. We first examine the case when a sensor network employs static routing scheme, then we go into the dynamic routing scheme. The dynamic scheme corresponds to the actual scenario of our problem. In the dynamic scheme, we propose an algorithm MLDGA for the maximum lifetime data gathering problem. The implementation details of MLDGA are also discussed.
Static scheme
We first explore the simpler case when a sensor network G employs static routing scheme. The task is to find a routing tree (static tree) T for G that can maximize the network lifetime. 
It is evident that this problem can be viewed as a max-min bottleneck optimization problem [9] . The bottleneck edge is the one with the minimum lifetime in routing tree T⊂G(N, A), which in fact determines the lifetime of network. Let the weight of edge be the lifetime of edge, i.e. w ij =l ij . The peculiarity of our problem is that the edge weight w ij cannot be determined beforehand. Figure 1 shows an example. A sub-routing-tree T 0 for G has been built.
j is a sensor in T 0 , and i is a sensor not in T 0 . Now, a new link is built between i and j. We cannot determine the weight of edge (i, j) at this time because the edge weight w ij should be
where T is the final routing tree for G. The final number of sensors sending data to i or j (i.e. n i (T) or n j (T)) cannot be determined at this time. Therefore, we cannot get the lifetime of sensor i or j when the final tree T has not been completely constructed, to say nothing of w ij . It is just this uncertainty makes the difficulty of our problem.
Here, we present a heuristic greedy strategy to solve this max-min bottleneck optimization problem. We assume that T 0 is a sub-routing-tree that has already been built for G, j is a sensor in T 0 , and i is a sensor not in T 0 . If a new link will be built between i and j, we make
as an estimation of the lifetime of i, make
as an estimation of the lifetime of j, where n j (T 0 ) is the current number of sensors sending data to j, and make as the estimation of w } ,
We select the edge (i 0 , j 0 ) that has the maximum weight in all (i, j) pairs and add the edge into T 0 . The process continues until all sensors have been added to T 0 , then the static routing tree for G is constructed.
Dynamic scheme
In this subsection, we investigate the case when a sensor network G employs dynamic routing scheme. The task is to find a series of routing trees (dynamic trees) {T(t)} for G which can maximize the network lifetime.
Definition 6. For a sensor network G employing dynamic routing scheme, let the series of routing trees used
where l i is the maximum value which satisfies . The optimum network
where Γ * is the set of all possible routing tree series for G.
We have following theorem for the optimum network lifetime L o .
Theorem 1.
For a sensor network G employing dynamic routing scheme, its optimal network lifetime L o is upper bounded by
Proof. We cannot spend more energy than the total energy of G, which is . In every round, at least amount of energy should be spent no matter what kind of tree we use. Therefore, the network lifetime cannot exceed .
Based on Theorem 1 and the static scheme discussed in Section 5.1, we present two strategies to deal with the maximum lifetime data gathering problem when G employs dynamic routing scheme. (1) Try to minimize the total energy consumption of a routing tree in each round. From Theorem 1, we know that if the total energy consumed in a round is minimized, we will have more energy to be used in the following data gathering process, thus the lifetime of the network can be increased. (2) Try to maximize the lifetime of a routing tree constructed in a round. The dynamic trees can be viewed as a series of static trees (a static tree in a round). By maximizing the lifetime of a routing tree used in a round, we will have a cumulative effect to improve the lifetime of the network.
Integrating the two strategies discussed above, we propose a new maximum lifetime data gathering and aggregation algorithm MLDGA. In each round, MLDGA constructs a routing tree for this round. The tree construction procedure is described as follows:
(1) Initialize variables. The procedure maintains a tree structure T 0 that represents the sub-routing-tree that has been built for G at a round. T 0 is initialized with one element, the base station. The procedure also maintains two sets: the selected sensors set S which contains the sensors that have already been selected as part of T 0 (includes the base station), and the unselected sensors set U which contains the sensors that have not been inserted into T 0 (U=N−S). S is initialized to the base station, and U is initialized to all the sensors. 
(3) Add the edge with maximum weight to T 0 . Set S and U are changed correspondingly. From the definition of edge weight, we can get following two points that fit our strategies about the maximum lifetime data gathering problem:
If the transmission cost between the sending sensor i and the receiving sensor j is low, the edge weight w ij tends to be high. Thus the sensor i has high possibility to be added to T 0 and connects to j. It meets the strategy to minimize the total energy consumption in each round;
If the lifetime of edge (i,j) is high, the edge weight w ij tends to be high. Then edge (i,j) has high possibility to be added to T 0 . It meets the strategy to maximize the lifetime of a routing tree constructed in a round.
Here, we compare MLDGA algorithm with other existing algorithms through analysis. In LEACH [12] , each sensor sends data to the nearest cluster head, then the cluster heads send the fused data to the base station. If the cluster heads are far from the base station, it will cost a lot of energy since there are several cluster heads that should send data to the base station. PEGASIS notices this point. In PEGASIS [13] , each sensor sends data to a close neighbor, and only one sensor sends the fused data to the base station. PEGASIS saves great energy compared with LEACH since only one sensor sends data to the base station. However, if the base station is inside the field, both LEACH and PEGASIS perform poor. The reason is that both of them do not take the exact cost of sending data to base station and the total energy consumed per-round into account [14] . In PEDAP-PA [14] , the authors used Prim's algorithm to construct a minimal spanning tree. The edge weight in PEDAP-PA relates to the transmission cost and the remaining energy of sending node. However, PEDAP-PA only considers the effect of the sending node, and the edge weight keeps unchanged during the construction of routing tree at a round. In MLDGA, we tries to construct a maximum lifetime routing tree for each data gathering round. Our definition of edge weight comes from the analysis of a network employing static routing scheme. It considers not only the transmission cost of sending node, but also the combined effect of sending node and receiving node, which can be got from the definition of edge lifetime (l ij =min{l i , l j }). We think our definition of the edge weight better reflects the essence of the maximum lifetime data gathering problem, and can achieve a longer lifetime comparing with other existing algorithms, which is confirmed by experiments.
Implementation
The implementation of MLDGA algorithm is similar to LEACH [12] and PEDAP-PA [14] , where each round begins with a set-up phase, then followed by a steady-state phase.
The set-up phase constructs a routing tree for data gathering in the steady-state phase. We assume that the location and initial energy of all sensors is known by the base station apriori. The base station can compute a maximum lifetime routing tree according to the location and initial energy of all sensors by using MLDGA algorithm. At the same time, it can also estimate the remaining energy of all sensors since it knows how much energy a sensor expends in a round, which will be used in the computation of next round. After the computation, the base station compares the tree constructed in this round with the tree constructed in previous round. If these two trees are different, the base station broadcasts the necessary information for the sensors in the network. For each sensor i, the information contains the parent sensor of i in the tree, the time slot when the sensor sends its data to its parent, and the time slot when the sensor receives its children's data etc.
In the steady-state phase, sensors transfer their collected data to the base station along the routing tree constructed in the set-up phase. Beginning from the leaf nodes, each node sends its fused data to its parent. To prevent the collision of messages from children with the same parent, the parent node applies TDMA multiple access scheme among its children. To prevent the collision of messages from children belonging to several different parents, each parent node uses different CDMA codes and the children of a parent send their messages with its parent CDMA code. The process continues until the base station is arrived, then the data gathering process in this round is over.
Experiments
In this section, we present the performance analysis of MLDGA by using simulation programs written in Java programming language. We compared MLDGA with seven other different data gathering algorithms: Direct, MTE, LEACH, LEACH-C, PEGASIS, PEDAP and PEDAP-PA. In Direct [5] , each sensor sends its data directly to the base station. In MTE [5] , data traverses along the minimum energy consumption path to the base station.
To measure the performance of these algorithms, we consider three metrics. (1) The round when the first node dies (RFND). We consider it in the first place because it meets our definition of network lifetime. (2) The round when the last node dies (RLND). Besides trying to maximize the time when the first node dies, we also expect to prolong the time when the last node dies. (3) The ratio of the round when the first node dies to the round when the last node dies. We call the ratio as network utility. If the network utility is high, it means that the network is fully utilitized at most of its living time. Table 1 summarizes the parameters used in our experiments. 100 sensors were randomly distributed over a region of 50m×50m (Fig.2 ) and 100m×100m. Each sensor had an initial energy level of 0.5J or uniform distribution between 0.2J and 0.8J. The base station was located far away from the field (at point (0, −100)) or in the center of the field (at point (25,25)). In each round, a sensor sent a 2000-bit message to the base station. The base station computed a routing scheme to deliver data in the set-up phase of each round. The energy model is based on the first 
Effect of base station location
We investigate the effect of base station location first. The authors of PEDAP-PA [14] mentioned that PEDAP-PA performs well both in systems that the base station is far away from the field and the base station is in the center of the field, while LEACH and PEGASIS perform poor when the base station is inside the field since they do not take the cost of sending data to base station into account. Following this observation, we examined the effect of base station location on our algorithm first. respectively. MLDGA is the best one which achieves the longest RFND in all 8 algorithms. It improves the RFND about 40% comparing with PEGASIS, and about 50% comparing with LEACH.
From Fig.3(a) and (b), we can conclude that MLDGA has a good RFND (i.e. lifetime) regardless of the base station location. It distributes the load evenly among sensors and tries to minimize the total energy consumed in a round, so it achieves a good RFND and a RLND near to RFND.
Effect of initial energy level
To check the ability of balancing the load among sensors further, we investigate the situations when the sensors have unequal initial energy levels. We distributed the initial energy levels of all sensors between 0.2J and 0.8J uniformly. The average energy level of a sensor is 0.5J, which is the same as energy level in Fig.3(a) and (b). Figure 4 shows the network utility of all these 8 algorithms in 4 different situations. The network utility of MLDGA is the highest in all 4 situations (except a little lower than PEDAP-PA in F-EE). It reaches 90% in F-EE, C-EE and F-UE, and near 70% in C-UE. It means that the network is fully utilized at most of its living time by using MLDGA. This feature is important for applications that need the cooperation of all sensors working together, since the quality of the system will decrease dramatically after the first node dies. From another aspect, the values of network utility imply MLDGA distributes the load evenly among sensors (The energy levels of all sensors are near to zero when the first node dies). Table 2 summarizes the results for 4 situations (F-EE, C-EE, F-UE and C-UE) when the network size is 100m×100m (where NU represents network utility). Compared with the setting that the network size is 50m×50m, the distance between two sensors tends to be longer. RLND and RLND usually decrease as a result of the increase in cost of sending data. We can still find that MLDGA performs well in all four situations, which is consistent with the results getting from the setting that the network size is 50m×50m. The outstanding performance of MLDGA in C-UE especially shows its abilities to balance the load evenly among sensors since all sensors have unequal initial energy levels and the sensors are close to base station. 
Network utility performance
Conclusions
In this paper, we investigated the maximum lifetime data gathering and aggregation problem in wireless sensor networks. Two types of routing scheme were discussed: the static routing scheme and the dynamic routing scheme.
In the static routing scheme, only one tree is used to gather data during the lifetime of the network, which can be viewed as a max-min bottleneck optimization problem. We presented a heuristic greedy strategy to deal with this problem. The strategy makes an estimation of the weight edge and selects the maximum weight edge in each iteration to construct a routing tree for network. In the dynamic routing scheme, a series of trees are used to gather data. We proposed a near optimal algorithm MLDGA to construct the series of routing trees. In MLDGA, the edge weight is estimated as the ratio of the edge lifetime to the remaining energy of sending node, which meets the requirement to construct an energy-efficient maximum lifetime routing tree for each data gathering round. We conducted experiments to evaluate the performance of MLDGA. The experimental results show that MLDGA achieves a good lifetime performance and a good network utility performance regardless of the base station location and the initial battery levels of sensors.
